The corrosion behavior of Alloy 600 (UNS N06600) is investigated in hydrogenated water at 260°C. The corrosion kinetics are observed to be parabolic, the parabolic rate constant being determined by chemical descaling to be 0.055 mg dm -2 hr -1/2 . A combination of scanning and transmission electron microscopy, supplemented by energy dispersive X-ray spectroscopy and grazing incidence X-ray diffraction, are used to identify the oxide phases present (i.e., spinel) and to characterize their morphology and thickness. Two oxide layers are identified: an outer, ferrite-rich layer and an inner, chromite-rich layer. X-ray photoelectron spectroscopy with argon ion milling and target factor analysis is applied to determine spinel stoichiometry; the inner layer were not found. Instead, the excess nickel was accounted for as recrystallized nickel metal in the inner layer, as additional nickel ferrite in the outer layer, formed by pickup of iron ions from the aqueous phase, and by selective release to the aqueous phase.
INTRODUCTION
Recent advances in ability to characterize indigenous oxide layers that form on corroding NiCrFe alloy substrates have revealed a synergism between alloy corrosion and chemical aspects of the metal oxide corrosion layer. In these cases, spinel oxides (AB 2 Follow-on work with a nickel-base CrMo alloy (Alloy 625) found that non-selective oxidation created inner and outer layer spinel oxide corrosion films representative of solvus phases in the NiFe 2 O 4 -NiCr 2 O 4 binary [3] . The higher nickel levels, however, led to two additional chemical phenomena: (1) recrystallization of excess Ni(II) ions in the inner layer as metallic nickel and (2) pickup of non-indigenous iron ions from the aqueous phase to create additional amounts of hydrothermally-grown nickel ferrite from outwardly-diffusing Ni(II) ions in the inner layer.
Both reactions are a consequence of the inability to form a separate phase of nickel(II) oxide in the presence of dissolved hydrogen.
To complement an on-going immiscibility study of the NiFe 2 O 4 -NiCr 2 O 4 binary in our laboratory, a corrosion study of a second nickel-base CrFe alloy was undertaken. This test exposed NiCrFe Alloy 600, a nickel-base 16Cr9Fe alloy, to mildly alkaline, hydrogenated water at 260°C. The unique composition of Alloy 600 allowed a NiCrFe alloy to be studied that had nearly the same Cr/Fe ratio as the chromite-rich solvus phase in the Ni(Fe 1-x Cr x ) 2 O 4 spinel binary. Two types of corrosion specimens were tested: (1) 4˝ coupons were used to monitor corrosion behavior via gravimetric analysis, and (2) highly polished 3/4˝ specimens were used to determine elemental/oxidation state distribution within the corrosion layer(s) by subjecting them to detailed in-situ characterizations by scanning electron microscopy (SEM), transmission electron microscopy (TEM), grazing incidence X-ray diffraction (GIXRD) and X-ray photoelectron spectroscopy (XPS)/ion milling.
EXPERIMENTAL
Corrosion specimens of NiCrFe Alloy 600 (UNS N06600) were exposed in a flowing autoclave facility (10 cm 3 /min) comprised of a one liter, type 347 stainless steel (UNS S34700) vessel, and fed from stainless steel tanks containing deionized, hydrogen-sparged water whose pH was maintained slightly alkaline (pH (@ 260ºC) = 6.70). The dissolved hydrogen concentration was 45 scm 3 (@ STP) kg -1 . Test shutdowns, along with specimen removals and insertions, occurred intermittently, so that exposure times ranged between 1000 and 10,000 hours. Standard corrosion coupons (4″ x 3/4″ x .032″) were machined from Alloy 600. Smaller specimens for corrosion film analysis (5/8″ x 3/4″ x 1/16″) were also machined from the same stock; one side of each being polished to a mirror finish (~6 µin. AA) using diamond grit paste to facilitate instrumental resolution.
ANALYTICAL PROCEDURES Gravimetric Analysis
Triplicate corrosion coupons were descaled using a two-step alkaline permanganate-ammonium citrate (AP/AC) process: (1) 1% KMnO 4 and 5% NaOH for 30 min at 90°C, followed by wiping and (2) 5% (NH 4 ) 2 citrate for 30 min at 90°C. This method involves multiple applications and a reverse extrapolation to correct for base metal losses during corrosion oxide removal, per ASTM procedure G1-67. A minimum of three and a maximum of four process applications were performed. All weights were measured with an accuracy of ±0.02 mg using a calibrated, 5-place balance.
Transmission Electron Microscopy (TEM)
This procedure was employed to obtain microstructural details, including inner layer composition and morphology, at high magnifications (~ 100,000X). The analyses were performed using a Philips CM300 analytical electron microscope.
Representative sections were prepared by cutting 3 mm by 10 mm strips from the corrosion specimens and mechanically thinning to a thickness of 100 µm from the substrate side. After protecting the oxide with epoxy, the ground surface was electropolished to the desired thickness using a solution of 20% perchloric acid in methanol. The epoxy coating was subsequently removed prior to AEM analysis.
Since the resulting mount was extremely thin, the entire oxide layer could be analyzed at the same time. Additional, quantitative characterizations of the phases isolated by TEM were obtained using a combination of electron diffraction and X-ray spectroscopy (EDX) of 5 nmsized regions.
Grazing Incidence X-Ray Diffraction (GIXRD)
Approximate thicknesses and unit cell dimensions of phases in the corrosion oxide layer were determined by GIXRD. This analysis was performed at Brookhaven National Laboratory using Beamline X3B1 of the National Synchrotron Light Source. This station is equipped with parallel beam optics and was operated at an incident X-ray wavelength of 1.14965 Å to reduce sample absorption and minimize the fluorescence background. The wavelength as well as the detector zero position, was calibrated using a NIST Al 2 O 3 standard. Counting time varied between one and two sec, and the step size was always 0.02º.
For X-rays incident on a solid from air, a critical angle (φ c , rad) is known to exist [4] , below which total external reflection occurs:
and Z is the average atomic number, A is the average atomic mass, D is the mass density (g/cm 3 ) and λ is the X-ray wavelength (Å). The actual relationship between φ and penetration depth (D), however, is non-linear and D increases rapidly with φ in the vicinity of φ c as the source of diffracted X-rays changes from reflection to absorption [4, 5] . of oxide thickness could be obtained from analyses at increasing angles of grazing incidence near the critical angle based on: (1) increases in intensity of the major corrosion oxide peak or (2) emergence of the substrate peak. An independent estimate of oxide grain size was also possible by means of the Scherrer equation which relates XRD peak broadening to crystal size.
X-Ray Photoelectron Spectroscopy (XPS)
The composition of each polished sample was investigated as a function of depth by successively removing surface material by argon ion bombardment and analyzing the freshly uncovered surface by XPS. This analysis was performed using a Physical Electronics Model 5601
Microfocus ESCA (Electron Spectroscopy for Chemical Analysis) system. The spectrometer employed a monochromated aluminum X-ray source (E = 1486.6 eV). suboxides or even to metals [9] [10] [11] , so an overly simplistic interpretation of the chemical shift of an XPS spectrum in a depth profiling experiment may lead to incorrect conclusions. To allow for this effect, a constrained least-squares analytical technique, known as target factor analysis (TFA) [12] , was used to deconvolute the pre-processed XPS data.
After selecting a given energy region for chemical state speciation, i.e., the chromium 2p region (570-590 eV), the principal component analysis (PCA) routine is invoked to run mathematical tests on the data and determine the number of 'principal' components that may be present. The PCA is performed on all spectra of a given sample taken at different sputter depths. Depending on the number of principal components identified, a set of synthetic spectra ('eigen spectra') is generated from the PCA and the pre-processed data. In the case of chromium, for example, two eigen spectra were identified: one corresponding to Cr(0) and one to Cr(III). The target factor analysis (TFA) routine is then called to deconvolute each spectrum, by linear least squares regression, into a linear combination of the eigen spectra ('target' spectra). These linear fractions of the eigen/target spectra at each depth provide profiles of the indicated speciation in chemical state.
Some flexibility is permitted in the Phi-MultiPak software to determine the number of eigen spectra, thus the number of chemical states, that are contained within the raw data. Subjective tests are applied to the target solutions by the operator to determine whether a given target component is significant (real signal) or insignificant (random noise). Experience with TFA has
shown that optimal results are obtained when the surface has been sputtered to a depth sufficient to remove all oxygen. This technique ensures that an eigen spectrum truly representative of the metallic state will be obtained.
Physical interpretation of a given eigen spectrum, which is left to the analyst, may also lead to several areas of subjectivity. An internal consistency check on the resulting speciation in oxidation states was obtained by summing the (inferred) oxygen bonded to the (measured) oxidized metal species and comparing to the measured O(1s) signal. Because oxygen is less massive than the transition metal elements, it tends to sputter preferentially, so that the O(1s) signal was always greater (by a small amount)
than the oxygen accounted for by summing the oxidized metal species.
The above caveats are mentioned because the combined XPS/ion milling/TFA methodology is rather recent and has not yet been widely applied to corrosion analyses. However, by applying the above consistency checks at various stages of the analysis, it became possible to provide accurate chemical state speciations versus sputter depth. The resulting profiles were then integrated versus depth to provide an independent, in-situ method for quantifying the amount, and distribution, of oxidized metals in the corrosion oxide layer.
RESULTS

A. Gravimetric Analysis
Specimen descale weight losses due to corrosion (corrected for base metal attack during scale removal) are summarized in Table I . These data were converted to surface densities by dividing by the surface area per specimen (0.4078 dm 2 ). When correlated to an expected parabolic rate expression:
the parabolic rate constant (k p ) is found to be 0.055 ± 0.009 mg dm -2 hr -1/2 . By subtracting the specimen weight increase associated with zero release from the measured specimen weight increases, an estimate of (iron and additional oxygen) pickup from the test water was obtained, see final column of Table I . The amounts of pickup determined in this manner are necessarily underestimates because they actually represent the difference between pickup and release (and release estimates remain to be quantified).
The above result, however, is believed to represent the creation of a nickel ferrite-rich solvus phase to equilibrate with the nickel chromite-rich inner layer solvus phase and excess Ni(II) ions created during (non-selective) oxidation. Since NiO is not stable in a chemically-reducing environment, two routes are possible to relieve the excess Ni(II) ions: (1) recrystallization to metallic nickel and (2) stabilization as nickel ferrite by pickup of soluble iron ions from the aqueous phase. The balance between the two will be addressed upon closure of the material balances for oxidized chromium and iron.
B. SEM/EDX
All test specimens took on a dull, gray/black appearance upon exposure to the aqueous medium. In situ measurements of oxide crystal composition by EDX proved inconclusive, due to the small crystal size and penetrating nature of the probe. To eliminate substrate interference, the outer layer crystals were removed using replicating tape prior to performing EDX. Assuming a single phase spinel to be present resulted in an average composition of (Ni 0.8 Fe 0.2 )(Fe 0.9 Cr 0.1 ) 2 O 4 for oxide crystals removed from two 8000 hr specimens, see Table II. C.
TEM/AEM
One 10,000 hr specimen (I67) was prepared for examination by transmission electron microscopy. Planar views through the corrosion oxide surface layer, as captured in bright field images at 100,000X, are provided in Fig. 3 . The corrosion oxide is seen to be polycrystalline in nature, having grain sizes in the range 10 nm to 0. On the other hand, the XRD peaks of the Alloy 600 substrate were also broadened considerably.
Such behavior is inconsistent with the known, coarse-grained microstructure of Alloy 600.
However, unlike the spinel lines, whose product FWHM@cos θ was constant, the lines of the substrate exhibited FWHM values that increased with tan θ. This behavior is characteristic of a cold-worked surface. Based on constancy of the ratio between FWHM and tan θ [6] , it is estimated that microstrain was present in the alloy surface at levels around 0.4%. In order to obtain accurate unit cell dimension estimates for the spinel oxide phase, peak locations needed to be known with a high degree of confidence. Accurate peak positions were obtained by refining the raw data in two stages: (1) applying a prepositioning procedure, in which observed peak positions (2θ obs ) and FWHM were determined by fitting the Pearson VII function to each peak profile using a PC-based program SHADOW, followed by (2) corrections for the index of refraction.
Since the index of refraction of X-rays in the spinel oxide phase is slightly less than unity, all diffraction peaks were shifted to slightly higher angles than those calculated from Bragg's law.
In conventional X-ray diffractometry the shift is usually neglected. However, for small incidence angles the Bragg angle shift due to refraction is much higher and must be taken into account in determining accurate lattice spacings. For φ <0.01 rad, Lim et al. [15] provide the shift in 2θ as
where )2θ and φ are in radians. The results of these calculations for φ = 0.5º are given in Table   III . Unit cell parameters were finally determined from the corrected peak positions by leastsquares refinement, see Table III .
The relatively sharp lines of the spinel XRD pattern are consistent with the larger, outer layer crystals observed by SEM in Fig. 1 , rather than the smaller, inner layer crystals. Per Table II having exposure times of 5000 and 10,000 hr, respectively. As expected, the major elements detected were oxygen, nickel, chromium and iron. Significant levels of carbon were also found on the surfaces of all specimens. Because the initial ion milling operation reduced the carbon signals to approximately that of the base alloy (i.e., ~0.1%), the carbon was concluded to be present as an adsorbed layer of hydrocarbon contamination, and was neglected when performing further analyses. This phenomenon has been reported previously [17] , and is believed to be endemic to the surface.
The presence of outer layer corrosion oxides, i.e., the polyhedral crystals observed, growing on the specimen surfaces in Fig. 1 , tended to manifest themselves by causing elongated 'tails' in the oxygen profiles, see Fig. 6 . Therefore, estimates of oxide thickness were obtained from the inflection point in each oxygen profile: a maximum in the first derivative represents the depth at which ion milling of the oxide layer exposed metal substrate at the most rapid rate. These results are summarized in Table IV . For consistency with the measured corrosion kinetics, increases in oxide thickness were correlated with a parabolic growth rate expression:
By least-squares analysis, it was found that k po = 5.10+ 1.00 D hr -1/2 , the estimated oxide thickness at 10,000 hr (51 + 10 nm) agreeing with the coarse estimate obtained by GIXRD (~63 nm).
Converting to weight of metal oxide, assuming an oxide density ~5.2 g cm -3 , gives k po = 0.026 mg (spinel) dm -2 hr -1/2 . Assuming non-selective oxidation and recrystallization of all excess Ni(II) as Ni, allows the oxide formation constant to be converted to k p = 0.055 mg (alloy) dm
, a value in agreement with the gravimetric result. It is noted that this conversion also assumes that contributions from corrosion release and iron pickup are negligible (or offsetting). Perhaps the most significant result of the present study is that nickel, which comprises 3/4 of the metals present, represents less than 1/3 of the oxidized metals. The absence of a separate nickel oxide phase is consistent with a shift in the redox equilibrium to the right for
due to the presence of dissolved hydrogen. It may, in fact, be predicted that only 2-3 scm 3 H 2 /kg water are required to reduce NiO to nickel metal in 260 N C water using available thermodynamic
properties [20] . Although corrosion of nickel and nickel base alloys in oxygenated water is believed to be controlled by oxygen diffusion through a porous nickel(II) oxide layer [21] , the anodic (i.e., oxidation) reaction in deaerated and hydrogenated waters shifts to a potential near that of the reference hydrogen electrode [22] . Not only are decreased corrosion rates observed in these instances, but the corrosion rates become limited by hydrogen formation (i.e., the cathodic reaction) [21] .
B. Characteristics of Corrosion Layer
The XPS/TFA results demonstrate that Alloy 600 corrodes by forming a fine-grained, chromite- Because the Cr/Fe ratio in Alloy 600 is close to that of the chromite-rich solvus expected in the nickel chromite-nickel ferrite spinel binary, non-selective oxidation of the alloy is expected to produce relatively minor amounts of the outer, ferrite-rich solvus layer. Given the overall composition of the corrosion oxide found by XPS in Table V (41 mol % Cr) and the measured compositions of the inner (47 mol % Cr) and outer (10 mol % Cr) layers in Table VI , the mass ratio of outer-to-inner layer oxide is 0.20, in agreement with expectations.
The total iron composition of the spinel oxides found by XPS, however, reveals an excess of oxidized iron, which could result from: (1) pickup of non-indigenous iron dissolved in the aqueous phase, or (2) selective oxidation of the alloy. Since the gravimetric analyses also found unaccounted increases in weight during corrosion, the first interpretation is believed to be correct.
Material balances for oxidized chromium and iron were performed using results from the integrated XPS composition profiles and the alloy corrosion rate assuming non-selective oxidation, see Table VII . All of the oxidized chromium is accounted for (i.e., its material balance closes to within 0.2 mg dm -2 ), while an excess of oxidized iron exists (i.e., more is present in the oxide layer than was created during corrosion). The excess iron increases with exposure time, in agreement with specimen weight increases during corrosion in Table I . Thus, the creation of minor amounts of an outer, ferrite-rich solvus layer is consistent with a nonselective oxidation accompanied by iron pickup from the aqueous phase.
A summary of corrosion oxide and substrate compositions is given in Table VIII for 
C. Corrosion Release Behavior
Closure of the material balance for nickel is more complex since three end-states for Ni(II) ion placement need to be considered: (1) incorporation into the corrosion oxide spinel, (2) recrystallization as elemental nickel and (3) loss to the aqueous phase by dissolution/release. In order to retain the non-selective corrosion hypothesis, Table IX shows that a selective release of Ni(II) ions to the aqueous phase must be recognized; the XPS results providing an average release rate of 36%. That is, approximately 1/3 of the corroded nickel was released to the aqueous phase.
The above results are in approximate agreement with a second estimate of corrosion release obtained by analyzing specimen weight changes during testing (Table I) Notes: (a) Removed prior to EDX using replicating tape.
(b) In-situ EDX of selected areas in Fig. 3 (TEM). Table I Found in Scale (Table V) Corroded* per Table I Found in Scale (Table V Produced by Corrosion (Table I) Found in Scale (Table V) Recrys. Ni(0) ( a Column V/ Column II. High magnification SEM photographs of outer corrosion oxide crystals showing growth of hexagonal platelets into polyhedra: (a) 1000 hr., (b) 8000 hr. Bright field TEM photographs taken through Alloy 600 corrosion film on 10,000 hr specimen (I67), including electron diffraction pattern. Elemental (upper) and speciated (lower) composition profiles of Alloy 600 corrosion layer after 5000 hrs (I75). Elemental (upper) and speciated (lower) composition profiles of Alloy 600 corrosion layer after 10,000 hrs (I67). Effect of temperature on corrosion rate of Alloy 600 in hydrogenated water: C [19] .
